Abstract-The battery pack lifetime is severely affected by the State-of-Charge (SOC) and thermal imbalance among its cells, which is inevitable in large automotive batteries. In this review paper, the need of simultaneous thermal and SOC balancing is emphasized. Thermal and SOC balancing are two tightly coupled objectives. However, we argue here that it is possible to achieve these simultaneously by using a balancing device that enables the non-uniform use of cells, optimally using the brake regeneration phases and load variations in the drive cycle, and exploiting cell redundancy in the battery pack. The balancer must provide extra degree-of-freedom in control by distributing a large battery pack into smaller units to enable an independent cell/module-level control of a battery system.
I. INTRODUCTION
A cell is the smallest packaged form of a battery. A battery sub-module (BSM) is a collection of two or more cells connected in series, battery module (BM) is a collection of two or more BSMs connected in series or parallel, and a battery pack (BP) is a collection of several BMs connected in series and parallel to meet voltage, energy and power requirements. The battery pack, containing long strings of series-connected cells, is one of the most expensive components in the powertrain of battery powered electrified vehicles (xEVs). As a result, the battery lifetime is an important factor for the success of xEVs. The lithium-ion battery, due to its relatively higher specific energy and long deep cycle-life, is surfacing as one of the major alternative choices for future xEVs. However, like all other cell chemistries, the ageing rate of each Li-ion cell in a battery pack is greatly affected by various factors like the state-of-charge (SOC) level, depth-of-discharge (DOD), and temperature of each cell. The cells in the string being stored or cycled at higher SOC-level, DOD and temperature age faster than those at lower SOC, DOD, and temperature [1] , [2] , [3] , [4] , [5] , [6] . Thus, thermal, SOC, and DOD imbalance among cells would cause nonuniform ageing of battery packs. The analysis of nonuniform ageing in Li-ion packs is given in [7] .
The SOC imbalance in the cell strings is primarily caused by variations in cell actual capacities, leakage currents, and operating conditions whereas thermal imbalance is mainly caused by variations in cell internal resistance and temperature gradient in the coolant, which is not negligible in the battery packs of xEVs [8] , [9] , [10] , [11] . The SOC and capacity imbalance also leads to DOD imbalance, which affects the cycle life of a cell [3] . Although, small variations in cell characteristics are inevitable due to manufacturing tolerances, but these variations enhance further with time due to nonuniform ageing of cells. This situation is aggravated further because
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of tight coupling between the cell imbalance and nonuniform ageing which may result in a vicious cycle: imbalance causes nonuniform ageing which in turn causes even more imbalance and so on. If this cycle continues, it may severely affect the performance of a battery pack, resulting in significant reduction of its lifetime due to premature failure of only one cell in the string, regardless of the high state-of-health of other cells. In addition, the SOC imbalance also has a detrimental impact on the total capacity of the BSM. In short, the total capacity of unbalanced BSM is a function of initial cell SOCs, which may vary a lot and, therefore, greatly reduce the total capacity of a BSM. Thus, thermal and SOC balancer is very critical for optimal performance of automotive batteries.
The SOC balancing can be achieved using various types of passive or active SOC balancers, see [12] , [13] , [14] , [15] , [16] , whereas thermal balancing can potentially be achieved using active cooling with reciprocating air-flow (RF), see [10] . The notion of simultaneous thermal and SOC balancing was introduced first, according to the best of our knowledge, in our previous work, see [17] , [18] , and [19] . Thermal and SOC balancing are two tightly coupled and somewhat conflicting objectives. In addition to reviewing the negative impact of thermal and SOC imbalance on battery ageing, the main contribution of this paper is that it adds more thorough discussion and insight to the simultaneous balancing problem through some simple arguments and illustrations, without going into any mathematical intricacies. We show the possibility of achieving these coupled objectives using a single active balancer working based on a load sharing concept. In particular, some specific requirements for such an integrated balancing device are discussed and then cascaded h-bridge multilevel converter (CHB MLC) is presented as one possible option in this regard. In addition, we also discuss some specific characteristics of the load profile (drive cycle) required for achieving these objectives.
The paper is organized as follows. Section II and III reviews the impact of thermal and SOC imbalance on the lithiumion battery ageing and the total capacity of a BSM. Some typical SOC and thermal balancing methods are reviewed in sections IV and V. Section VI discusses the feasibility of simultaneous thermal and SOC balancing. Some specific requirements on the load profile and the balancing hardware are also discussed in this regard. In section VII, the feasibility of simultaneous balancing is illustrated through a simple simulation-based case study for a series string of two cells. Finally, section VIII concludes the paper.
II. IMPACT OF SOC IMBALANCE
The SOC imbalance has a detrimental impact not only on the BSM ageing but also on its total capacity. In this section, 978-1-4799-6782-7/14/$31.00 ©2014 IEEE these two aspects will be discussed in detail.
A. Reduction of BSM Capacity
The capacity and SOC of a BSM is a function of cell SOCs and their capacities. Let us consider an unbalanced BSM consisting of a series string of n cells, Cell 1 to Cell n , with different capacities (C 1 · · · C n ) and SOCs (ξ 1 · · · ξ n ). Let us also assume that all the cells have equal leakage current. Since the BSM has no balancing device, it will have SOC variations among its cells all the time. In this case, the charging is stopped when any cell in the string reaches its fully charged state (or its EOCV) and similarly the discharging is stopped when any cell in the string reaches its fully discharged state (or its EODV). The chargeable capacity of an unbalanced BSM, with unequal cell capacities, is given by [20] , [21] , [22] 
and its remaining dischargeable capacity is given by
Thus, the maximum possible capacity of the unbalanced BSM at any time t is given by
and its SOC is given by
The total capacity and SOC of the BSM given by eq. (3) and eq. (4) respectively can not be easily related to the total capacity and SOC of any single cell in the BSM. Thus, in order to simplify the expressions, let us assume the BSM to be fully charged (ξ
Now, we can see that the total capacity and SOC of the BSM depends entirely on the capacity and SOC of a certain Cell k that has minimum dischargeable (chargeable) capacity in the whole string at fully charged (discharged) state of the BSM. Let us consider a simple example of unbalanced BSM shown in Fig. 1 . It contains two cells with equal self-discharge currents, but Cell 1 has higher capacity than Cell 2 . The BSM is depicted in the fully charged and fully discharged state on the right and left hand sides of the figure respectively. During charging, Cell 1 will hit its fully charged state before Cell 2 and the BSM cannot be charged further for safety reasons, despite of available chargeable capacity of Cell 2 . This implies under-utilization of Cell 2 . Similarly, during discharge process, as soon as Cell 2 will hit the fully discharge state, BSM will stop discharging despite of remaining dischargeable capacity in Cell 1 and hence will result in its under-utilization. Thus, none of these cells are fully utilized during charge-discharge cycle. Note that C min , shown in the figure, is a function of SOC and capacity imbalance. Greater the SOC imbalance, less will be C min and thus less will be BSM capacity. Thus, SOC imbalance can greatly reduce the total capacity of a BSM. 
B. Non-uniform Ageing of BSM
As shown in Fig. 1 , cells in the unbalanced BSMs cycle at different DODs (DOD 1 = 0.68 < DOD 2 = 0.85). In addition, each cell starts its cycle at different initial SOC-level. Since DOD and SOC-level affects the cell ageing rate, cells of unbalanced BSMs suffer from nonuniform ageing. As the lifetime of the BSM is upper bounded by the fastest cell ageing rate in the string, therefore the unbalanced BSM may reach its end-of-life sooner due to the weakest link in the chain.
III. IMPACT OF THERMAL IMBALANCE
Temperature is an important factor that strongly affects the lifetime of cells. Higher the temperature of a cell, higher will be the capacity and power fading rates [3] . Thus, thermal imbalance is another major problem in large BSMs, which also needs special attention, see [8] , [9] , and [10] for a detailed review of thermal issues in lithium-ion batteries of xEVs.
A. Causes of Thermal Imbalance
There are two main sources of thermal imbalance: Variation in Cell Resistances: Fresh cells, even from the same batch, may differ in their ohmic resistance due to manufacturing tolerances. When these cells are serially connected to form a BSM, the difference may increase further with time due to nonuniform rate of resistance growth.
Temperature Gradient in the Coolant: Consider an aircooled BSM consisting of n series connected cells. Thermal network diagram [10] of the BSM is shown in Figure 2 . Each temperature node T fi models the temperature of coolant fluid element adjacent to Cell i . The temperature T fi−1 of the upstream fluid node 'i−1' of Cell i is related to the temperature T fi of downstream fluid node 'i' of Cell i by
where
resistance for Cell i , and c f is thermal conductance of the coolant. Given that T f 0 is a known quantity, then by a forward recursion of eq. (6), any T fi can be expressed as a weighted sum of inlet fluid temperature T f 0 and the temperatures T s1 to T si of Cell 1 to Cell i respectively, as shown below. . Thus, if any single upstream cell in the BSM is in bad thermal condition then it will also affect temperature dynamics of all downstream cells. Therefore, one thermally exposed cell can reduce the lifetime of all downstream cells in the string. It has been reported in [11] that the temperature gradient in xEV battery packs is not negligible. Thus thermal balancing, in addition to SOC balancing, of xEV packs is necessary to enhance their lifetime.
IV. SOC BALANCING SOC balancing is one of the most important function of any advanced battery management system especially for long series string of cells. It improves not only the non-uniform ageing but also the total capacity of the BSM. The significance of cell SOC balancing in large BSMs has been studied thoroughly in the literature, see [14] , [23] , [24] , [25] . The SOC balancer requires an external circuit to interact with each cell in a string. The external circuit can be dynamically reconfigured to provide the dissipative or non-dissipative alternate paths for direct energy flow between various cells in a string. In the following, we will discuss two main types of SOC balancers.
A. Passive Cell Balancers (Dissipative)
The passive balancer achieves cell equalization either by over-charging or by burning in shunt-resistors the excess charge of cells. It equalizes the SOC among cells only once, commonly at fully charged state of the BSM, during a chargedischarge cycle [21] , [25] . Since the passive balancing device at most consists of only resistors, it can not be actively controlled externally. Thus, it does not require any complicated control algorithm except charge control. However, it is dissipative and is therefore less efficient. Moreover, cells of the passively balanced BSM are not equally utilized over whole charge-discharge cycle. Since cells cycle at different DODs, they suffer from non-uniform ageing [19] . Note that this method can only be used for lead-acid and NiMH batteries due to their tolerance against over-charge conditions [12] , [14] .
B. Active Cell Balancers (Non-Dissipative)
The active cell balancers use external switched circuits to actively transfer (shuttle, shuffle, shunt, or redistribute) the energy among cells of a BSM to achieve SOC balancing. The active balancing network commonly consists of switches and energy storage elements, like capacitors and inductors, which provide alternate paths for energy flow. Therefore, active cell balancers are highly energy efficient due to their non-dissipative nature and they can also be actively controlled using an external controller. However, the active cell balancers generally require more advanced control algorithms which become quite complex for large battery packs. The active cell balancer is the only viable solution for a lithium-ion packs because they cannot tolerate over-charging based passive balancing method [12] , [14] , [26] . There are various active balancing methods like cell shunting, cell-to-cell, cell-to-pack, pack-to-cell and cell-to-pack-to-cell, see [12] , [27] for further details on balancing hardware and see [28] for optimizationbased thorough performance evaluation of various balancing methods. The capacity of an ideal actively balanced BSM is always given by the mean value of the cell capacities [19] as all cells are equally utilized in terms of their DODs. Therefore, the actively balanced BSM is able to deliver relatively higher Ahthroughput before its end-of-life. Thus, in order to maximize the capacity and to decelerate the ageing of the BSM, the use of an active balancer is desirable [19] .
V. THERMAL BALANCING
The purpose of thermal balancing is to reduce the highest cell ageing rate in the BSM at the cost of slightly increasing the temperature (and hence the ageing rates) of other cells. In simple terms, the load of the weakest link in the whole chain is shared by other cells. Thermal imbalance in large battery packs can potentially be mitigated using following two approaches.
A. Active Cooling with Reciprocating Coolant Flow
Unidirectional coolant flow (UF) is commonly used in battery packs. However, this cooling scheme cannot compensate thermal imbalance due to temperature gradient in the coolant as shown in equation (7) . Reciprocating coolant flow (RF) scheme has been suggested in [10] to solve this issue. In this scheme, the coolant flows back and forth in the battery pack at a fixed reciprocating time period. However, RF cannot solve imbalance arising from variation in cell resistance or variation in its other parameters like thermal resistance, see [18] for detailed performance evaluation of RF under parameter variations.
B. Loss Balancing using Load Scheduling
Thermal balancing can also be achieved by balancing losses among cells using load scheduling. In this method, each cell in the string is used according to its thermal condition. Thus, it has a full potential to compensate thermal imbalance due to both coolant temperature gradient and parametric variations. However, this requires a special hardware, which should
• be modular and distributes the BSM into n cells.
• enable the bypassing of the load current around each cell.
• allow non-uniform use of cells.
VI. SIMULTANEOUS THERMAL AND SOC BALANCING
The last section highlighted the importance of thermal and SOC balancing for enhancing the lifetime and usable capacity of a BSM. Instead of using separate thermal and SOC balancers, we are interested in achieving these two objectives simultaneously using a single active balancer based on load sharing concept.
A. Simultaneous Balancing using Model-based Control
Electro-thermal Model: Let us consider a lithium-ion BSM that consists of n cells connected in series. The electrical dynamics of cells can be modeled using various equivalent circuit approaches [29] and thermal dynamics can be modeled using lumped capacitance and flow network modeling approach [10] . For instance, a simple electro-thermal model of any Cell i in the BSM is given by (see [18] for modeling details)
where a tij and b ti are thermal circuit parameters, C i is the capacity of Cell i , b si =
Rsi
Csi where R si and C si are internal resistance and heat capacity of Cell i respectively, and T f 0 is the constant fluid temperature at the inlet. Temperature, T si (t), and normalized SOC, ξ i (t), are states, terminal voltage v Bi (t) is the output in response to the input current i Bi (t), and v oci (t) is an open circuit voltage of Cell i .
Remark 1. Note that v oci (t)
is generally a function of SOC, but it is assumed constant in this study. This approximation is justified if we assume battery operation in a certain SOC window. Also note that any Cell i is in discharging mode when i Bi (t) > 0 and in charging mode when i Bi (t) < 0.
Control Mechanism:
The BSM develops thermal and SOC imbalance among its cells due to variations in cell resistances (R si = R sj , ∀i, j) and cell capacities (C i = C j , ∀i, j) respectively. The imbalance can potentially be mitigated using i Bi (t) as an independent manipulating variable for each Cell i . However, to achieve this, we need some external control mechanism to manipulate i Bi (t). In other words, we need a mechanism which should be able to independently adjust current of each Cell i as follows
where u i (t) ∈ [0, 1] is a control knob (or duty cycle) of Cell i provided by an external control hardware and i L (t) is a load current. Since i L (t) is a given quantity at each time instant, the duty cycle u i (t) is used to adjust the cell current. Thus, to achieve thermal and SOC equalization, the duty cycle for each Cell i should be given by
where δT sij and δξ ij denotes temperature and SOC imbalance respectively between Cell i and each Cell j and v Ld (t) is a load voltage demanded from BSM at each time instant.
Feasibility of Simultaneous Balancing and Requirements:
Ideally, to achieve simultaneous thermal and SOC balancing at each time instant under all conditions, we need independent control variables for thermal and SOC dynamics. However, it should be noted that under current control framework (i Bi (t)i Bj (t) ≥ 0, ∀t) using equations (11)- (12), we cannot instantaneously control SOC and temperature independent of each other because u i (t) directly affects both states at each time instant, for example during discharging:
Bj (t). Moreover, cell temperature always increases whether we charge (increasing the SOC) or discharge (decreasing the SOC) the cell. Thus, thermal and SOC balancing are two tightly coupled and somewhat conflicting objectives and a natural question arises whether it is always feasible to achieve both of these objectives simultaneously.
Since it is not possible to have an independent control of temperature and SOC instantaneously. Therefore, to answer the above question, let us consider an alternative notion of temperature and SOC control in average sense. In this context, let us define average and rms currents of each Cell i (13) over a certain period δt = t 2 −t 1 of a drive cycle of length T D . Now suppose that the segment δt of the drive cycle contains series of high and low current phases. Since temperature dynamics is quadratic in input current (i.e. i and Cell j , enabling the independent control of their average temperature and SOC during δt. Under this notion, it is possible to achieve simultaneous balancing in average sense. Thus, a load profile with sufficient variations containing series of long low-current and short high-current phases is desirable in this regard. This kind of load profile is quite typical for xEVs due to natural variations (arise from topographical variations) in their speed and acceleration. If future load current can be predicted, then simultaneous thermal and SOC balancer can schedule the load for each cell using information about high and low current (including brake regeneration) phases in the drive cycle, cell resistances, temperature and SOCs.
However, to realize this goal we need an active balancing device with a special underlying modular structure that gives us sufficient degree-of-freedom to independently control each cell (or module) in a BSM (or battery pack). We may also need a state/parameter estimator and load predictor. In addition, we also need sufficient cell redundancy in the BSM i.e. the maximum BSM terminal voltage should be sufficiently greater than the maximum possible demanded load voltage, v Ld (t), at any time instant.
Remark 2. It needs to be emphasized here that the simultaneous thermal and SOC balancing does not aim at perfect equalization of SOC and temperature all the time. After the initial balancing period of a highly unbalanced BSM, the perfect equalization of only SOC is needed at the boundaries (start and end) of a charge/discharge phase. However, inside the boundaries, the only objective is to keep both temperature and SOC deviations within certain reasonable limits, providing SOC and temperature deviations allowance during run time.
B. Thermal and SOC Balancing as Optimization Problem
It may be possible, though not obvious, to apply PID or LQ (linear quadratic) control framework to solve simultaneous thermal and SOC balancing problem. However, it seems more natural to apply predictive control framework due to large influence of future load currents on scheduling the load of each cell at present time. Thus, we need an intelligent control policy which uses accessible predictive (future) information to decide duty cycle of each cell at each sampling instant. We propose to formulate this problem as a convex optimization problem, which in words is stated below. for all time instances over a prediction horizon N p with optimization variables SOC (ξ i (t)), temperature (T si (t)), and duty cycle u i (t) of each Cell i . The variable u i (t) act as control knob of Cell i and is provided by the balancing hardware. The output of this optimization problem over whole drive cycle of discrete time length N D will be the sequence of vectors {u u u(t)} ND t=1 where each u u u(t) ∈ R n consists of optimal duty cycles u i (t) for each Cell i . See [17] , [18] , and [19] for details.
C. MLC as Thermal and SOC Balancer
The previous sections highlighted the need of a special hardware technology with modular architecture to achieve the tightly coupled objectives of thermal and SOC balancing. In this subsection, we will briefly introduce one such technology-the cascaded H-bridge (CHB) multilevel converter (MLC) as shown in Fig. 3 -which provides us enough degree-of-freedom to control the BSM (or battery pack) at cell (or module) level to achieve our set goals. The MLC provides a large redundancy in synthesizing the output voltage, which gives extra degree-of-freedom in control. The MLC, consisting of n power cells (PCs), enables to distribute and modularize the BSM into smaller cells. Thus, the MLC cannot only act as a motor driver to generate a smoother output voltage waveform for electric machine (dc machine here), but it can also act as a balancer to simultaneously control the modularized and distributed BSM on a cell level, see [17] , [18] , and [19] for
Under the hood of PC i
Block diagram of a single-phase MLC. Note that the BSM is distributed as cells among n PCs and load is a dc machine here.
further details on using MLC as an integrated cell balancer and motor driver.
VII. SIMULATION EXAMPLE

A. Simulation Setup
The following simulation study is based on the solution of problem (14) . To solve this problem, we used CVX, a MATLAB-based package for specifying and solving convex programs using disciplined convex programming ruleset, see [30] and [31] . CVX transforms MATLAB into a modeling language, allowing constraints and objectives to be specified using standard MATLAB expression syntax.
Before presenting simulation results, let us define timevarying dischargeable capacity of each Cell i and the BSM as follows
where ξ BSM (t) and C BSM (t) are SOC and time-varying total capacity of BSM given by equations (3) and (4) respectively . Now let us consider a BSM consisting of two cells having capacity and resistance variations (C 2 − C 1 = 0 and R s2 − R s1 = 0). It is assumed that the difference in initial dischargeable capacity of two cells is non-zero as well (C 2,D (0) − C 1,D (0) = 0). We have four possible cases in this example:
The objective is to simultaneously achieve thermal and SOC balancing while meeting at the same time the demand (voltage v Ld (t)) of a dc machine. Note that the drive cycle data in terms of v Ld (t) is shown as dotted green line in Figures 4 and 5 . Remark 3. Since the demanded machine speed is proportional to v Ld (t), variations in v Ld (t) implies variations in load profile. Note series of acceleration and deceleration periods inside each driving phase marked as dotted pink circle as shown in figure 5(b) . These driving phases can be exploited to achieve simultaneous thermal and SOC balancing. 
(c) Dischargeable BSM capacity shown in green at start and end of discharging. 
B. Uniform Use of Cells
Thermal and SOC imbalance will obviously increase further with time for all cases if both cells are uniformly used. 
C. Non-uniform Use of Cells
Since two cells have nonuniform characteristics, the optimal policy is to also use them non-uniformly according to their temperature and SOC. Note that case-2 can be easily handled by using Cell 1 more (I Ba1 > I Ba2 and I Br1 > I Br2 ) and similarly case-3 by using Cell 1 less compared to Cell 2 . However, we have conflicting situation in cases 1 and 4. For example, in case-1, SOC balancing requires Cell 1 to be used less than Cell 2 but thermal balancing requires Cell 1 to be used more than Cell 2 and vice versa in case-4. In the following, case-1 is analyzed in detail through a simulation study.
Simulation results for case-1 under non-uniform use are shown in Figure 5 . These figures show that thermal balancing can be achieved by using (higher resistance) Cell 2 less than Cell 1 during short high current phases (either charging or discharging) of the drive cycle. This leads to relatively quick increase in temperature of Cell 1 compared to that of Cell 2 as losses are quadratic in current. The SOC balancing is achieved simultaneously by using Cell 2 more than Cell 1 during long low current phases. This scheme of cell usage results in I Ba2 > I Ba1 (for SOC balancing) and I Br2 < I Br1 (for thermal balancing) as shown in figures 5(d) and 5(e) respectively. Note (inside pink dotted circles shown in Figure 5 (b)) that (lower resistance) Cell 1 absorbs most of the charging energy during driving phases of high regenerative braking and delivers most of the energy during following high acceleration phases. It should be noticed that a certain level of SOC and temperature deviation allowance also facilitates achieving the objective of simultaneous balancing. Also, compare figures 4(c) and 5(c) and note the difference in final dischargeable capacities (C o BSM,D (t f ) > C u BSM,D (t f )) of the BSM under uniform and nonuniform use of cells. It shows that, compared to a uniformly used (unbalanced) BSM, a non-uniformly used (balanced) BSM may provide higher ampere-hour throughput during each charge/discharge cycle. Note that case 4 can similarly be handled by using Cell 1 less during high current phases and more during low current intervals.
VIII. CONCLUSIONS
We have reviewed simultaneous thermal and SOC balancing and added more insight into our previous studies of this problem. It is shown, through simple arguments and a simulation based case study, that this problem can be formulated and solved in a predictive control framework by optimally
• scheduling the electrical load of each cell, • redistributing the power losses among cells as per the level of temperature and SOC imbalance, • exploiting the brake regeneration phases and variations in the load profile, • exploiting the SOC and temperature deviation allowance, • exploiting the cell redundancy in the battery pack. However, for this we need load predictions over a reasonable horizon. We also need an active balancing device, like MLC, with a very special underlying modular structure that gives us sufficient degree-of-freedom to independently control each cell (or module) in a BSM (or battery pack).
